High energy phosphate compounds are generally considered essential for muscular contraction although it is not clear how their chemical energy is ultimately made available for transformation into mechanical work (1-3). According to classical concepts, hydrolysis of adenosine triphosphate (ATP) by myofibrillar .ATPase (adenosine triphosphatase) occurs at some time during repetitive cycles of muscular contraction and relaxation, and as a result adenosine diphosphate (ADP) is produced. Delivery of this ADP to mitochondria for regeneration into ATP can serve as an important regulator of the activity of mitochondrial oxidative phosphorylation (4, 5). In failing hearts, changes in oxidative phosphorylation or its products might accordingly reflect primary changes at the mitochondria or altered delivery of ADP from the failing myofibrils (6).
High energy phosphate compounds are generally considered essential for muscular contraction although it is not clear how their chemical energy is ultimately made available for transformation into mechanical work (1) (2) (3) . According to classical concepts, hydrolysis of adenosine triphosphate (ATP) by myofibrillar .ATPase (adenosine triphosphatase) occurs at some time during repetitive cycles of muscular contraction and relaxation, and as a result adenosine diphosphate (ADP) is produced. Delivery of this ADP to mitochondria for regeneration into ATP can serve as an important regulator of the activity of mitochondrial oxidative phosphorylation (4, 5) . In failing hearts, changes in oxidative phosphorylation or its products might accordingly reflect primary changes at the mitochondria or altered delivery of ADP from the failing myofibrils (6) .
Many studies of normal and failing hearts have examined the processes involved in the formation and utilization of high energy phosphate compounds (7) . During spontaneous heart failure in man (8) (9) (10) and induced heart failure in dogs (11) , there were no significant changes in uptake by the myocardium of oxygen or of the diverse substrates from which chemical energy is liberated and then conserved as nucleoside triphosphates or as creatine phosphate (CrP). However, small, long-term, or localized alterations in uptake of exogenous substrates might not have been detected by acute measurements of arteriovenous * Submitted for publication December 19, 1963 ; accepted October 15, 1964. Supported by grant H-3312 from the National Institutes of Health, U. S. Public Health Service. differences across intact hearts in situ (12) . Concentrations of high energy phosphates have been reported to be normal in isolated, acutely failing dog hearts, guinea pig atria, and cat papillary muscles (13) (14) (15) and in chronically failing hearts from dogs with tricuspid insufficiency and pulmonary stenosis or with aortic insufficiency ( 11, 16) . Muscle preparations from failing canine and human hearts have shown decreased contractility (17, 18) and decreased ATPase activity (19) , but myofibrillar proteins from failing canine hearts have been reported to be both normal (20) and altered (21) .
Recently, changes have been observed in the morphology of mitochondria from failing hearts of dogs with aortic stenosis (22) and in the metabolic responses of mitochondria from failing hearts of guinea pigs with aortic stenosis (23, 24) . Improved methods for isolation, separation, and specific assay of high energy phosphate compounds have made possible more precise measurements of tissue levels of these labile compounds (25) (26) (27) . With the use of such improved techniques, a recent study found significant decreases in levels of ATP, CrP, and creatine (Cr) in failing hearts from guinea pigs with aortic stenosis (28) . Since the status of labile phosphate compounds in the chronically failing heart did not yet seem settled, it was considered pertinent to re-examine the content of purine and pyrimidine nucleotides and CrP in hearts from dogs with unequivocally severe, chronic, low output cardiac failure.
This report. deals with the production of chronic congestive heart failure in dogs and with-measurement of the levels -of purine and pyrimidine 2u2 HIGH ENERGY PHOSPHATES DURING HEART FAILURE nucleotides, Cr, and CrP in the right and left ventricles from the hearts of these animals. There were significant decreases in concentrations of ATP, Cr, and CrP in severely stressed right ventricles from hearts in chronic failure due to pulmonary arterial stenosis.1
Methods
Production of congestive heart failure in dogs. Two methods that have been widely used for the production of chronic congestive heart failure in dogs were examined further. Fourteen dogs were subjected to a combination of tricuspid insufficiency and pulmonary arterial stenosis (29) . Severe tricuspid insufficiency was produced by avulsion of all tricuspid chordae tendineae except those of the septal leaflet; 2 Rapid extirpation of normal, hypertrophied, or failing hearts was effected while the hearts were beating or immediately after induction of cardiac arrest. The chests were opened during gentle, assisted respiration with oxygen, and pressures in the right and left ventricles of the failing hearts were measured by direct puncture of the two chambers. Arrest was produced by rapid injection into the cross-clamped aorta of 5 ml of 5% potassium citrate at pH 9 (31). Fewer than 3 to 5 QRS complexes occurred between the beginning of the injection and total arrest. The cardiac apex was grasped with a sharp towel clip, the atria and great vessels were quickly severed, and the intact ventricles were plunged into a Dewar flask filled with liquid nitrogen. The procedure rarely exceeded 6 seconds; specimens were discarded if extirpation and freezing took more than 10 seconds. In five studies, the quadriceps femoris muscle was exposed without damage to its blood supply and was rapidly excised and frozen as the aorta was clamped or as the beating heart was excised.
Acid-soluble extracts of the muscle specimens were prepared in a cold room at 40 C. The free walls of both ventricles were rapidly separated and fragmented. The frozen fragments were chipped clean of visible blood vessels, visceral pericardium, fat, fibrous tissue, and adherent blood, and pulverized to a fine powder under liquid nitrogen in a large porcelain mortar. The powdered muscle was rapidly mixed into cold, 0/6 N perchloric acid, and homogenized at 45,000 rpm for 15 minutes with a VirTis model 45 tissue homogenizer. The acid extract was separated in a centrifuge at 40 C and 25,000 g. The clear supernatant fluid was combined with centrifuged water washings of the precipitate and neutralized in an ice bath with 5 N KOH to pH 7.0. Partial freezing precipitated KC104, which was removed by filtration. The volume of the filtrate was measured and its content of material absorbing at 260 mA (A260) determined; then it was stored at -200 C until analyzed.
Fat-free, dry weights were determined for each muscle sample to correct for variations in water and fat content (32) . Since significant increases in collagen content had not been found in human hearts failing from a wide variety of causes (33) , corrections for collagen content were not made.
Separation and measurement of the nucleotides in extracts of normal and failing hearts were achieved by gradient elution from Dowex 1 (Cl) X-10 resin columns (25) , which were 20 X 1.25 cm in size. Between 90%o and 95%o of the A260 material in the extracts was regularly absorbed by the resin. Compressed air was used to force eluting solutions of increasing concentrations of formic acid and ammonium formate through a mixing flask and then through the columns, which were encased in a tap water jacket. Serial 5-ml fractions were collected by a Technicon fraction collector with a dropcounting attachment, and the A260 of each fraction was read in a Beckman DU spectrophotometer. The eluates comprising each significant peak of UV absorbancy were dried on a VirTis freeze-dryer to remove eluting salts 203 that interfered with accurate spectrophotometric analysis. The dried nucleotide powders were dissolved in known volumes of water, identified by their absorption spectra at pH 1, and quantitated by measurement of absorbancy at their absorption maxima and by application of standard molar absorbancy indexes. Precise identification of NAD was obtained by demonstration of its UV spectrum shift with cyanide, and of FAD by its migration and fluorescence in paper chromatograms. Further separation of compounds that were not well isolated by the formic acid system was effected by Phase II chromatography on Dowex 1 resin columns 8 X 1 cm in size. Eluates were obtained with concentration gradients of ammonium formate buffer at pH 5.
The technique was standardized by elution from the resin columns of pure nucleotides mixed in amounts anticipated for 25 g of heart muscle. Average recovery rates of significant compounds were as follows: ATP, 98%o; ADP, 95%; NAD, 87%; IMP, 96%, CTP, 88%; CMP, 94%. Recovery rates of several compounds were artificially increased by breakdown of the more concentrated and labile nucleoside triphosphates: AMP, 111%; UMP, 122%; GDP, 112%. UDP was variably recovered at about 50%. Measurements of nucleotides in duplicate specimens from the same ventricle yielded values that agreed within 5%. Because it was difficult to remove completely the concentrated ammonium formate salts added during Phase II separation of UTP and GTP, recoveries were estimated directly from the UTP and GTP peaks in the Phase II chromatograms. Since these recovery rates were only 50%, the values subsequently found for UTP and GTP in tissues were doubled to give a better approximation of in vivo levels. The identity of each compound isolated from the columns in the early part of the study was confirmed by paper chromatography in two directions (34) . Quantitative elutions from paper of the principal separated nucleotides did not yield recoveries equal to those obtained with the resin-spectrophotometric system.
Total acid-soluble phosphate was measured in samples of the muscle extracts after all bound phosphates were hydrolyzed by 5 N H2SO4 in an oil bath heated at 1600 C for 1 hour. The liberated phosphate was measured (35) with standard recovery rates of 95%. This procedure was also used early in the study to confirm the spectrophotometric quantitation of eluted, dried nucleotides; the results obtained by the two methods checked regularly within 5%. Analysis of CrP, ATP, and ADP by measurement of the phosphate liberated by selective hydrolysis of CrP and "acid labile" nucleotide phosphates ("p-p") (35) did not prove as reliable as the ion exchange method.
Creatine phosphate was measured by two methods. Progressive pulmonary arterial stenosis was a more reliable method for producing severe congestive heart failure. Many animals with tightened ligatures died in failure before studies could be completed. Systolic pressures in the right ventricle had been markedly elevated for as long as 6 weeks before signs of congestive heart failure appeared. End diastolic pressures were seldom elevated before the appearance of severe ascites, hepatic engorgement, leg edema, and pleural effusions. Breathlessness at rest and significant increases in a-v 02 difference were the last changes to appear. When there was severe congestive heart failure, pressure gradients across the stenosed pulmonary arteries remained high, although systolic pressures in the right ventricles had fallen by as much as 30% from peak levels. Ventricular alternans was sometimes present. The contours of the right atrial pressure curves did not reflect the severe degree of tricuspid regurgitation apparent in exposed hearts. The right ventricles were markedly dilated and hypertrophied. The oxygenated. With thoracotomy, systolic pressures in both ventricles fell slightly (38) ; end diastolic pressures were uniformly high in the right ventricles, but remained normal or were only slightly elevated in the left ventricles. Hearts 10 and 1lA were discarded because their extirpation was too slow (Table I, A) . Right ventricular hypertrophy was evident in the chest X rays and exposed hearts of six animals in which a constant degree of pulmonary arterial stenosis and right ventricular systolic hypertension had been present for long periods. No clinical or hemodynamic evidence for heart failure was present in these animals. The need for expeditious handling precluded weighing or precise measurement of the hearts, but the thickness of the right ventricular walls, estimated by gross inspection of the frozen, transected specimens, certainly equaled that present in the failing hearts. Arterial oxygen saturations were high in this group, as they often were in the failure and control groups (Table I, B) .
Nucleotide content
Qualitative. The qualitative patterns found for right and left ventricles from each normal and failing heart were identical; no analyses for nucleotides were made in the hypertrophied control groups. Compounds identified by ion exchange chromatography, UV absorption spectra, and paper chromatography included NAD, CMP, AMP, IMP, UMP, FAD, UDP, GDP, CTP, ATP, UTP, and GTP ( Figure 1 ). The small "ADPx" peak that tailed after the principal ADP peak was shown by its UV spectrum and Rf value to consist primarily of ADP and was included in the quantitative values for ADP. Adequate resolution of the IMP/UMP peak was rarely possible, and much of this material probably represented degradation products from other nucleotides.
The 5 to 10 % of A260 material in the acidsoluble extracts that did not adsorb on the resin columns was not clearly defined. Paper chromatography of this fraction showed that it did not contain nucleotides; its elution characteristics and absorption spectrum resembled those of inosine.
A normal human myocardium yielded a nucleotide pattern qualitatively similar to that shown for the canine right ventricle in Figure 1 . Fifteen minutes after ventricular fibrillation had been induced by penal electrocution of a 30-year-old 206 healthy man, the anatomically normal heart was removed and frozen in liquid nitrogen. Despite considerable hydrolysis of the labile nucleoside triphosphates during the delay in tissue sampling, the following compounds were clearly identified in right and left ventricles: inosine, CMP, NAD, AMP, UMP, ADP, GDP, ATP, UTP, and GTP.
Quantitative. The total amount of A260 material in the neutralized acid-soluble extracts of normal and failing hearts was variable and not a reliable index of nucleotide content. Of the total nucleoside triphosphates in normal ventricles, ATP comprised 92 to 94%, reflecting the importance of this compound in myocardial energy metabolism; CTP, UTP, and GTP comprised the remaining 6 to 8% (Table II) HIGH ENERGY PHOSPHATES DURING HEART FAILURE < 0.04). When compared as a group with the normal hearts, the failing hearts showed decreases in ATP concentration of 12% in the right ventricles (p = < 0.001) and of 6% in the left ventricles (p = < 0.03). Artifactual hydrolysis of ATP during extirpation of the failing hearts was not a likely cause for these decreases, since there were no significant differences in the inosine-like effluents from the columns or in the concentrations of AMP and ADP. Although levels found for UTP, GTP, and GDP were variably elevated in the failing hearts, the technical limitations in the measurement of these nucleotides made such changes insignificant. The nucleotide levels in normal or failing hearts removed after induction of cardiac arrest resembled those found in comparable beating hearts, although the numbers were too small for statistical comparison (Table II) . One of the three normal hearts removed after induced arrest was from an animal in which an untightened pulmonary arterial ligature had been in place for 3 weeks. The pressure in the right ventricle of this animal was 20/0 mm Hg, and the presence of the ligature did not affect the content of ATP.
Total creatine, free creatine, CrP, Pi, and TASP Values found for CrP by the two methods of analysis usually agreed well although the phosphate method gave higher results.
Normal hearts, removed while beating or in arrest. The mean concentrations of CrP and TASP in the right ventricles were higher than in the left ventricles by 30 to 45%. The p value for the significance of the differences between paired right and left ventricles was < 0.05. The percentage of total creatine present as CrP was higher in the right ventricles, but the difference between paired values was significant only in the beating hearts. Induction of cardiac arrest in either normal or failing hearts increased the percentage of total creatine present as CrP, a reflection of decreased hydrolysis of CrP (Table  III; Table IV and Figure 2 Figure 2 ).
Normal and hypertrophied hearts removed in arrest differed significantly only in content of Pi and TASP in the left ventricles (Table IV and Figure 2 ).
Failing hearts removed while beating. The left ventricles in this group, when compared with normal, beating left ventricles, showed significant decreases in total and free creatine (-24%o), in CrP (-29% and -23% by the two methods of analysis), and in Pi (-15%o). The percentage of total Cr present as CrP remained the same as in the left ventricles from normal hearts.
The right ventricles showed significant decreases from the normal in total creatine (-39%o), in free creatine (-33%o), in CrP (-53%o), and in TASP (-23%o). The percentage of total creatine present as CrP decreased and reached the levels found for the paired left ventricles in each heart (Table III and Figure 2) .
A heart removed while beating from an animal with mild congestive heart failure due to marked tricuspid insufficiency and pulmonary stenosis did not show decreases in content of total creatine or CrP as large as those usual in hearts with severe failure due to isolated pulmonary stenosis (Table III) . Failing hearts removed in arrest. The left ventricles in this group showed significant decreases from the normal arrested hearts in total creatine (-24%), in free creatine (-23%), in CrP measured by liberated base (-25%o), and an increase in Pi(+ 20%).
The right ventricles again showed large decreases in total creatine (-37%), free creatine (-33%), CrP (-43% and -33%o by the two methods of analysis), and in TASP (-13%). The percentage of total creatine present as CrP remained the same as in arrested normal hearts, and this value remained higher for each right ventricle than for the corresponding left ventricle.
The differences between the failing and hypertrophied hearts were substantially the same as those between the failing and normal hearts (Table IV and Figure 2) .
Partial ligation of the inferior vena cava above the diaphragm in three dogs produced massive ascites, hindquarter edema, liver congestion, and tissue wasting like that seen in the animals with congestive heart failure. Intracardiac pressures were normal. In the right and left ventricles of this small group of animals, the values for total creatine, free creatine, CrP, Pi, and TASP closely resembled those found for normal, arrested hearts; the relationship between total creatine and CrP was also normal (Table IV , D, and Figure 2 ).
Normal skeletal muscles, when compared with normal arrested hearts from the same animals, contained levels of total creatine, free creatine, and CrP that equaled those in the right ventricles and exceeded those in the left ventricles; levels of Pi and TASP in skeletal muscle were higher than in either ventricle. The percentages of total creatine present as CrP in normal skeletal muscle equaled or exceeded the percentages found for the paired right ventricles. In skeletal muscle samples removed from two animals with congestive heart failure, the content of total creatine, CrP, Pi, and TASP remained within the normal range, although the hearts from these animals had shown significant decreases in total creatine and CrP (Table IV , E, and Figure 2 ).
Discussion
Previous studies by Davis and associates (30) indicated that in heart failure produced by progressive pulmonary arterial stenosis, the right ventricle was predominantly involved, improvement followed digitalis therapy, and the syndrome resembled severe heart failure in humans with chronic pulmonic stenosis. In the present study, strict criteria were required for the diagnosis of heart failure. The elevated right ventricular end diastolic pressures might have reflected decreased compliance in the walls of the distended and obstructed ventricles (39, 40) , but the association with breathlessness, circulatory congestion, and elevations in systemic a-v 02 difference indicated a relationship to myocardial failure. Accurate assessment of left ventricular function in the failing hearts was difficult. In terminal right heart failure, a decrease in delivery of blood to the left heart might have decreased coronary perfusion and caused deterioration in function of both ventricles like that produced by acute pulmonary arterial stenosis (41) . The absence of dilatation and hypertrophy of the left ventricles, and the rarity of elevations in left ventricular end diastolic pressures during marked systemic circulatory congestion, suggested that despite the clinical appearance of breathlessness the left ventricles were less compromised than the right.
Because of the great lability of ATP and CrP in the presence of the multiple degrading enzymes present in samples of whole tissues, accurate estimates of true in vivo levels are difficult to obtain. Elaborate measures have been devised for instantaneous freezing of small biopsy samples obtained from skeletal muscles during a single twitch (42) or from hearts beating in situ (43) . The present study required relatively large samples from both ventricles, and some hydrolysis of highly labile compounds, either CrP or unidentified intermediate products of oxidative phosphorylation, probably occurred during extirpation. The values obtained for Pi served as rough indicators of phosphate bond hydrolysis. The levels of Pi found in the arrested hearts were higher than those found in biopsy samples frozen in situ (26) , but were equivalent to those found in conventional biopsy samples or in perfused, ar-213 rested hearts (27, 44, 45) . Among the arrested normal and hypertrophied hearts, the values for CrP in the left ventricles equaled those previously reported (27, 44) , and the values for the right ventricles were higher. The induction of cardiac arrest allowed greater recovery of CrP, since contractions were not present during extirpation and rigor during freezing was reduced. Levels of ATP in normal hearts removed while beating equaled those reported in other studies using careful techniques. Levels of ATP were not increased by the induction of cardiac arrest before extirpation of the hearts, since ATP is less labile than CrP and can be transiently maintained by the action of creatine transphosphorylase. Considerable and constant artifactual hydrolysis of ATP to ADP and AMP had not regularly occurred, since the proportions of ADP to total adenine nucleotides varied among different ventricles. A better indication that "free" ADP was not entirely derived from hydrolysis of ATP was provided by additional studies with radioactive phosphate, which demonstrated a difference, under certain circumstances, between the degree of labeling of the 8 phosphate of "free" ADP and the ,8 phosphate of ATP (46) .
CrP levels in skeletal muscle were only slightly higher than in the arrested normal right ventricles. This finding conflicts with earlier reports that the content of CrP in skeletal muscle exceeded that in the heart (7) . The values found for Pi were higher than those found by precise measurements in cat and rabbit skeletal muscle (47) , although they agreed well with values found for rat skeletal muscle (48) .
Since the values for CrP and for the percentage of total Cr present as CrP in the normal right ventricles were generally higher than in the left ventricle, it was possible that the thicker left ventricles were more slowly arrested or frozen, allowing more time for hydrolysis of CrP. If such hydrolysis had occurred, higher levels of Pi and of free creatine should have appeared in the left ventricles. These levels were not increased in the normal left ventricles, but were relatively greater in left ventricles from hypertrophied and failing hearts, suggesting some hydrolysis of CrP.
In the failing right ventricles removed in arrest, the decreased levels of CrP did not reflect increased hydrolysis of CrP due to slower freezing of the thick and dilated ventricles, since Pi and the percentage of total creatine present as CrP were not changed from the control values found for normal or hypertrophied right ventricles.
Although the small decreases in concentrations of ATP in the failing right ventricles were significant, the decreases in content of CrP were clearly more impressive. The importance of CrP was especially apparent in normal, arrested hearts, where the high energy phosphate accounted for by the phosphagen was twice that in the terminal phosphates of all nucleoside triphosphates. For use -in muscular contraction, the high energy phosphates stored in CrP must be transferred back to ATP, and it has been suggested that cytoplasmic creatine and CrP may serve to shuttle phosphates between separate compartments of ATP located at the mitochondria and at the myofibrils (3). Since total creatine and CrP were decreased proportionately in the chronically failing hearts, it is possible that with lower levels of ATP, there may have been a secondary decrease in synthesis of CrP or an increase in its utilization. The consequent increase in the fraction of free creatine that is readily diffusible (49) might have produced a gradual efflux of creatine from cardiac cells. In the present study, deliberate or accidental production of acute hypoxia during extirpation of normal or failing hearts caused hydrolysis of CrP but no decreases in total creatine; -apparently an intact coronary circulation was required to remove the increased amount of diffusible creatine.
Malnutrition, infection, hypoxia, cardiac failure, and cardiac hypertrophy due to hypoxia have previously been reported to alter myocardial content of creatine (50, 51) . The first three of these factors were not overtly present in the heart failure animals in this study, and it seemed likely that an abnormality within the failing hearts themselves, rather than changes in the systemic metabolism of creatine, had decreased the myocardial levels of creatine and CrP. The decrease in creatine levels was not caused by congestion of the liver or kidneys, where creatine is principally synthesized (52, 53) , since concentrations of total creatine and CrP were normal in the hearts of animals with hepatic and renal congestion produced by ligation of the thoracic inferior vena cava. The decrease in creatine in 214 the myocardium did not reflect a general depletion of creatine in all muscles, since skeletal muscle samples from two animals in congestive heart failure contained normal amounts of creatine and CrP. A more specific control might have been provided by comparison of each heart with a constantly active muscle such as the diaphragm, but technical limitations made this impossible.
It is unlikely that the decreases in content of high energy phosphate compounds in the failing hearts reflected a simple physical dilution by an increased proportion of protein in hypertrophied myocardial cells. Failing hearts of the type studied here had previously been shown to contain normal amounts of actomyosin per unit of weight (54) , and the hypertrophied control hearts in the present study showed no decreases from normal levels of creatine or CrP.
Since concentrations of UTP, GTP, and CTP did not change significantly, within the wide limits set by the control recovery studies, there were probably no marked alterations during congestive heart failure in the metabolism of these compounds or in their possible role in muscular contraction (55) .
The decreases found for ATP and CrP in this study were similar to those observed by Feinstein in left ventricles from guinea pig hearts failing with aortic stenosis (28) . The absence of such changes in other studies (11, 13, 16 ) may have been due to limitations in the methods employed for tissue excision, extraction, or analysis or to the fact that the ventricular failure studied was not so severe as that produced by isolated aortic or pulmonary stenosis. The present study indicates that within each terminally failing heart, the more severely stressed right ventricle showed greater decreases in concentrations of ATP and CrP than did the left ventricle. Although both ventricles might have become chronically hypoxic as a result of decreases in cardiac output and coronary perfusion, the dilated and obstructed right ventricles probably required greater oxygen delivery and utilization to support protracted increases in wall tension and time-tension index.
The decreases found for concentrations of ATP and CrP cannot definitively be related to the function of the failing heart. The concentrations of these compounds were unchanged in the control group of hypertrophied right ventricles although heart-lung preparations exposed to acute systolic overloading have shown marked decreases (56) . The lower levels found for the failing hearts might simply have reflected a new steady state in which the energy sources available for muscular contraction still remained adequate. In vitro models have demonstrated a coupling between mechanical performance of isolated skeletal myofibrils and mitochondrial generation of ATP and CrP (5). The deterioration in cardiac contractility associated with hypoxia or poisoning with digitalis glycosides has been only variably correlated with decreased steady-state levels of high energy phosphate compounds (14, 24) , and such results cannot be properly extrapolated to the chronically failing right ventricles in this study. The changes found here were in hearts from animals in which congestive failure of maximal severity was taken as an end point. Producing failure in these preparations was difficult, and hearts for sequential analysis were not available from animals progressing from mild to severe failure. It is therefore not possible to speculate as to whether failure had occurred after a gradual or an abrupt decrease in high energy phosphates or whether the chemical changes were the cause, the result, or even related at all to the severe mechanical failure present.
Nevertheless, the chemical changes found in the chronically failing hearts can be usefully examined in terms of the schema proposed by Siekevitz (6) in an attempt to elucidate the nature of the metabolic steady state present within the cells of the failing hearts. If it is assumed that during severe failure, there is no change in the basic amount of high energy phosphate required to produce a unit of contractile force, the observed falls in high energy phosphates might have reflected any of several possible abnormal metabolic patterns: 1) normal ATPase activity at the myofibrils associated with a primary defect in mitochondrial oxidative phosphorylation, 2) decreased ATPase activity at the myofibrils associated with a greater decrease in mitochondrial oxidative phosphorylation, or 3) increased ATPase activity at the myofibrils and increased delivery of ADP to mitochondria that were unable to respond with augmented ATP production. The myokinase reaction, 2 ADP ATP + AMP, serves to maintain a constant ratio of ATP to 215 ADP when changes occur in the rate of production or utilization of either compound. Estimates of the dominant direction of this reaction at equilibrium might be useful in determining whether production of ADP was indeed altered by marked changes in myofibrillar ATPase activity. In further studies of normal and failing hearts (46) , the status of oxidative phosphorylation was roughly assessed by measuring the rate of incorporation of radioactive phosphate into the terminal phosphate of ATP, and the activity of myokinase was evaluated by determining the rate at which the middle phosphate of ATP was labeled. These studies suggested that the decreases found for concentrations of ATP and CrP during severe, chronic failure might be most compatible with an al-. tered metabolic state within the myocardial cells in which a decrease in mitochondrial oxidative phosphorylation was associated with a decrease, as noted by others (19) , in myofibrillar ATPase activity. Summary Congestive heart failure produced in dogs by progressive stenosis of the main pulmonary artery was more severe than the circulatory congestion produced by a combination of tricuspid insufficiency and mild pulmonary arterial stenosis. Purine and pyrimidine nucleotides, creatine, creatine phosphate, inorganic phosphate, and total acid-soluble phosphate were measured in the right and left ventricles of normal, hypertrophied, and failing hearts extirpated and frozen within 10 seconds.
Among normal hearts, the right and left ventricles contained equal amounts of nucleotides, but the right ventricles contained 30% more creatine phosphate. Induction of cardiac arrest before extirpation of the hearts improved recovery of creatine phosphate. Hearts with right ventricular hypertrophy unassociated with failure showed no changes in content of creatine or creatine phosphate.
With chronic heart failure due to pulmonary arterial stenosis, right ventricles showed decreases in adenosine triphosphate of -12%b, in creatine phosphate of -33 and -43%o by two methods, and in total creatine of -37%. The decreases in these compounds were much less pronounced in the paired left ventricles. Nucleoside triphosphates other than adenosine triphosphate were not changed significantly. Hearts from animals with circulatory congestion 'produced by ligation of the thoracic inferior vena cava, and skeletal muscle samples from animals in heart failure, did not show decreases from the normal levels of creatine or creatine phosphate.
The chemical changes found may or may not have had a relationship to the mechanical performance of the failing heart, but might reflect an altered metabolic steady state within the myocardial cells.
